Abstract Squat lobsters constitute an exceptional group to address evolutionary studies in marine species because of their high diversity at multiple taxonomic levels. The families included within Galatheoidea are characterized by morphological, molecular, and ecological differences. Previous phylogenetic reconstructions have considered either Galatheidae, Porcellanidae, or even Munidopsidae as the most derived family within Galatheoidea, but evolutionary relationships within the superfamily have not been fully resolved yet. In order to test previous phylogenetic hypotheses on the relative placement of Porcellanidae within the Galatheoidea, and further characterize mitochondrial gene order in Munidopsidae, the first complete mitochondrial genomic sequence of a Galatheidae squat lobster (Galathea aegyptiaca) and the partial mitogenome of Munidopsis polymorpha are reported here. These new sequences complement previous studies to include all extant families and provide further evidence on the importance of mitochondrial gene rearrangements in Galatheoidea. Implications of the new phylogenetic 3898-7( 0123456789().,-volV) (0123456789().,-volV) data on the evolution of carcinization within Anomura are also discussed.
Introduction
Squat lobsters constitute an exceptional group to address evolutionary studies because of their high diversity at multiple taxonomic levels (Baba et al., 2008) . They are found in nearly all latitudes and marine habitats, from deep sea to shallow-water ecosystems . Squat lobsters constitute a significant part of the deep-sea fauna, living in close association with other marine organisms like feather stars, sponges, or corals (Baba et al., 2008; Baeza, 2011) . According to recent taxonomic studies, squat lobsters are paraphyletic and include members from two well-defined superfamilies (Chirostyloidea and Galatheoidea) Bracken-Grissom et al., 2013) . Chirostyloidea comprise Eumunididae, Sternostylidae, Chirostylidae, and Kiwaidae, the last three families being originally included in the Galatheoidea superfamily (Martin & Davis, 2001; Macpherson et al., 2005; Ahyong et al., 2011; Baba et al., 2018) . The members of Galatheoidea sensu stricto (Ahyong et al., 2010) are characterized by having a tail fan (telson and uropods) that is bent (not folded) against the preceding somite (Zariquiey Alvarez, 1968; Macpherson & Baba, 2011) , by having a telson subdivided into plates, and a 4-articulate antennal peduncle (Ahyong et al., 2010) . Galatheoidea currently contains four families: Galatheidae Samouelle, 1819, Munididae Ahyong et al., 2010 , Munidopsidae Ortmann, 1898 , and Porcellanidae Haworth, 1825 (Ahyong et al., 2010 . Galatheidae and Porcellanidae are mainly found in shallow waters, Munididae are widely distributed along continental shelves, and Munidopsidae mostly includes deep-sea species from below 1,000 m (Ahyong et al., 2010; Schnabel et al., 2011) .
Evolutionary relationships within the Galatheoidea superfamily have not been fully resolved yet. The four families present a high diversity in their external morphology, which renders cladistic analyses inconsistent. For instance, the porcelain crabs (Porcellanidae) are the only galatheoids with a crablike body form. They have the entire pleon folded under the cephalothorax, and their carapace is usually broader than long (Ahyong et al., 2010; Keiler et al., 2015) . Munididae present a spiniform rostrum, in most cases flanked with two supraorbital spines; Galatheidae have a triangular or subtriangular rostrum, broad at its base; and almost all Munidopsidae have reduced eyes and lack of body pigmentation. The placement of Porcellanidae within Galatheoidea is strongly supported in previous phylogenetic analyses based on morphology and molecular data Bracken-Grissom et al., 2013) , but relationships between Porcellanidae and other Galatheoidea families remain unclear. Milne-Edwards & Bouvier (1894) first suggested Galathea to represent the ancestor of the group, with Porcellanidae being an early offshoot and Munida originating the Munidopsidae lineage. Three alternative hypotheses have been proposed regarding the placement of porcellanids within Galatheoidea: (1) Galatheidae and Porcellanidae are sister groups (Martin & Abele, 1986; McLaughlin et al., 2007; Ahyong et al., 2009; Schnabel et al., 2011) , (2) Porcellanidae as the sister group of a clade formed by Munididae and Galatheidae (BrackenGrissom et al., 2013) , or (3) Porcellanidae as the earliest branching within Galatheoidea (Morrison et al., 2002; Tsang et al., 2011; Roterman et al., 2018; Tan et al., 2018) . Several phylogenetic reconstructions consider Munidopsidae as the sister group of the remaining Galatheoidea (Bracken et al., 2009; Schnabel et al., 2011) , which implies that Porcellanidae must have acquired the crab-like form after diverging from Munididae to Galatheidae (see Fig. 3 .3 in Ahyong et al., 2011) . Nevertheless, a recent study on the phylogeny of Kiwaidae (Chirostyloidea) including both mitochondrial and nuclear genes suggests an earlier branching of Porcellanidae (Roterman et al., 2018) .
The recent development of high-throughput sequencing has significantly reduced the amount of effort needed to obtain sequencing data from mitochondrial genomes (Boore, 1999) . The fractions of the genomes that show high copy numbers, including mitochondrial DNA, can be retrieved using a relatively shallow sequencing approach (Roehrdanz et al., 2014) . Furthermore, mitochondrial phylogenetics can present some advantages over nuclear-based phylogenies as gene content is highly conserved, mitochondrial proteins present a greater grade of orthology, and mtDNA provides additional characters like reorganization of the genome. Mitogenomicbased phylogenies have allowed a better understanding of deep phylogenetic relationships and character evolution reconstructions in many invertebrates (Podsiadlowski et al., 2009; Bernt et al., 2013; Osca et al., 2014) . A recent study has addressed phylogenetic relationships within the Anomura using mitochondrial sequences and gene order rearrangements (Tan et al., 2018) . Galatheoidea mitogenomes apparently show a complex gene rearrangement scenario, including transpositions, deletions, duplications, and tandem duplications with random loss. This study included no data on Galatheidae though, and the only representative of Munidopsidae (Shinkaia crosnieri Baba & Williams, 1998) presented a highly divergent mitochondrial gene order with the loss of several transfer RNA genes.
In order to test previous phylogenetic hypotheses on the relative placement of Porcellanidae within the Galatheoidea and further characterize gene order in Munidopsidae, the first complete mitochondrial genomic sequence of a Galatheidae squat lobster (Galathea aegyptiaca Paul'son, 1875) and the partial mitogenome of Munidopsis polymorpha Koelbel, 1892 are reported here. These new sequences complement previous studies to include all extant families and provide further evidence on the importance of mitochondrial gene rearrangements in Galatheoidea. Implications of the new phylogenetic data on the evolution of carcinization within Anomura are also discussed.
Materials and methods
A different approach was carried out for obtaining mitogenomic data in Munidopsis polymorpha and Galathea aegyptiaca. Approximately 30 specimens of M. polymorpha, a decapod endemic to an anchialine cave system of the Corona lava tube in Lanzarote (Canary Islands), were captured using hand nets and preserved in absolute ethanol. Total DNA was extracted from tissue samples using the magnetic Charge Switch gDNA Micro Tissue Kit (Invitrogen) and DNA from a single specimen was used for long PCR amplification with the Z Taq (Takara, Otsu, Japan) polymerase approach (Yamauchi et al., 2002) . Amplified fragments were purified by ethanol precipitation prior to sequencing both strands using the same PCR primers and Big Dye Terminator (Applied Biosystems). Sequences were run in an ABI 3730 Genetic Analyzer (Applied Biosystems). The starting material for Galathea aegyptiaca was one male specimen collected from the Red Sea (18.0731 N, 40.8859 E) and kept at the Florida Museum of Natural History collections (Catalogue Number: UF 36010). Total genomic DNA was extracted from a single pereiopod using the QIAamp DNA mini Kit (QIA-GEN Inc) and sent out for library construction and sequencing to the Get-PlaGe core facilities of GenoToul (Toulouse, France). The library was built using the Illumina TruSeq Nano DNA Library Prep Kit (Illumina) and sequenced on the high-speed sequencer Illumina HiSeq 3,000 in 2 9 150 pb paired-ends. Paired-end reads of the of G. aegyptiaca genomic library were subjected to quality inspection using the FastQC software (Andrews, 2010) , and the Velvet de novo assembler (Zerbino & Birney, 2008) was used to obtain contigs (long continuous sequences) out of the short-reads by building a k-mer graph. A local database including every crustacean mitochondrial genome available in GenBank was used to screen the contigs collection after sequence assembly by running a BLAST search. The complete mitochondrial genome of Galathea aegyptiaca was thus identified within a single contig of 16 kb.
Gene annotation, alignment, and model selection
The mitochondrial genome annotation server (MITOS) pipeline was used to compute a consistent de novo annotation of the mitogenomic sequences. MITOS is a fully automated pipeline for the annotation of metazoan mitochondrial genomes that combines BLAST searches with previously annotated protein sequences, thereby avoiding the need for a built-in database of specifically curated protein models. Both tRNAs and rRNAs are annotated using specific covariance models for each of the structured RNAs. The complete mitogenomes from Galatheoidea (Munida gregaria: NC_030255.1; M. isos: MF457406.1; Neopetrolisthes maculatus: NC_020024.1; Petrolisthes haswelli: NC_025572.1; and Shinkaia crosnieri: NC_011013.1) and two Chirostyloidea outgroups (Gastroptychus investigatoris:
KY352237.1 and Kiwa tyleri: NC_034927.1) were obtained from GenBank (Yang & Yang, 2008; Shen et al., 2013; Lee et al., 2016; Tan et al., 2016 Tan et al., , 2018 Zhang et al., 2017a) , annotated de novo also using the MITOS pipeline and used for further phylogenetic analyses. Amino acid sequences for each proteincoding gene were aligned separately using MAFFT and then we concatenated alignments for all genes. To improve reliability, conserved (ungapped) blocks of sequences were extracted from the concatenated amino acid alignment by using Gblocks server with default settings (Castresana, 2000; Talavera & Castresana, 2007) . The best-fit substitution model was tested with ProtTest v.2.4 (Abascal et al., 2005) , which showed mtArt to be the most likely substitution model for every protein-coding alignment.
Phylogenetic inference and hypotheses testing
Maximum likelihood (ML) phylogenetic tree reconstruction was applied using the program PhyML v.3.0 (Guindon et al., 2010 ). The MtArt model of protein sequence evolution was used with an estimated proportion of invariable sites and a Gamma distribution of rates across four classes. Nodal support was assessed using 500 bootstrap replicates, due to computational constraints imposed by the size of our dataset. Aligned and concatenated protein-coding sequences were also used to estimate phylogenetic relationships with the Bayesian inference (BI) approach implemented in the software BEAST v.2.4.7 (Drummond et al., 2012) . A rooted phylogeny was estimated with BEAST, applying an uncorrelated lognormal relaxed clock, Yule model as a tree prior, and Gamma site heterogeneity model with four site categories and mtREV substitution model. Four independent Markov chains were run in BEAST for 10 million generations, sampling every 1000th generation. Tracer v.1.4.1 (Drummond & Rambaut, 2007) was used to summarize the Markov chains and visually inspect the trace plots (all showed good mixing and convergence). The effective sample sizes (ESS) for the runs were above 200 for most parameters reported in Tracer. The maximum clade credibility (MCC) tree was obtained from the posterior tree distributions using TreeAnnotator v.1.4.8 (from the BEAST package).
Besides the unconstrained search, BEAST runs were carried out using the same conditions but including several constrained searches in order to test the main hypotheses of the evolution of Galatheoidea lobsters: (1) Galatheidae and Porcellanidae as sister groups, (2) Porcellanidae as the sister group of a clade formed by Munididae and Galatheidae, and (3) Porcellanidae as the earliest branching within Galatheoidea. The Bayes factor approach was used to compare the different models, evaluating the hypothesis (H 0 ) that our constrained and unconstrained BI topologies explain the data equally well, versus the alternative hypothesis (H 1 ) that constrained BI searches provide a poorer explanation of the data. The Bayes factor was calculated as twice the difference in the harmonic mean of log-likelihood scores between alternative hypotheses (Brandley et al., 2005) and these values were compared to the framework provided by Kass & Raftery (1995) , where \ 0 is evidence against H 1 , 0-2 provides no evidence for H 1 , 2-6 is positive support for H 1 , 6-10 is strong support for H 1 , and [ 10 is very strong support for H 1 (Kass & Raftery, 1995; Palero et al., 2009 ).
Results

Mitochondrial genomes
The complete mitochondrial genome sequence of Galathea aegyptiaca is 16,051 bp long and, as with most metazoan mitogenomes, it encodes 13 proteincoding genes, 22 transfer RNA (tRNA), and 2 ribosomal RNA (rRNA) genes (Table 1; Fig. 1 ). These genes are variously oriented between the two strands of the mitogenome, the light strand (or L-strand) contains the ribosomal genes (12S and 16S rDNA), 8 tRNA genes and 4 protein-coding genes (nad1, nad4, nad4 l, and nad5), and the heavy strand (or H-strand) contains the remaining genes.
Only a partial mitochondrial genome sequence (15,725 bp) was obtained for Munidopsis polymorpha, including every gene except trnA, trnE, trnQ, and trnS1 and incomplete sequences for genes nad3, nad6, and cytb (see Gene order section). Despite being incomplete, the newly obtained data on mitochondrial gene order (MGO) for M. polymorpha have important implications for mitogenome evolution in squat lobsters. GC content in G. aegyptiaca (26.7%) was similar to that observed in other Galatheoidea (S. crosnieri: 27.1%; M. gregaria: 25.1%) or Chirostyloidea (G. investigatoris: 28.3%), but guanine content was low (A = 35.5; C = 16.2; G = 10.5; T = 37.8). The relative frequency of different amino acids in protein-coding regions of G. aegyptiaca or M. The minus sign (-) indicates whenever a particular gene was not detected polymorpha mitogenomes was variable, but the most frequent were in both cases hydrophobic amino acids like Leucine (13.7 and 15%), Phenylalanine (9.9 and 10.9%), or Isoleucine (9.4% and 8.3%). The most frequent polar amino acid was Serine (10.8% and 12.7%), followed by Glycine (5.7%) in G. aegyptiaca, or Asparagine (5.1%) in M. polymorpha. A strong codon preference was observed in both polar and nonpolar amino acids for both taxa (Table 2) .
Phylogenetic analyses and hypotheses testing
After sequence alignment and trimming, the final dataset of 13 protein-coding genes included a total of 3,477 amino acid positions. The model considered to describe the substitution pattern the best was the mtArt ? G?I model according to both the BIC score (62521.96) and AICc value (62395.71). Non-uniformity of evolutionary rates among sites was modeled by using a discrete Gamma distribution (G = 0.57) and by assuming that a fraction of sites are Table 1 . The inner graph indicates the AT (green) and GC (blue) content along the genome using a 100 bp sliding window evolutionarily invariable (I = 21.8%). The tree with the highest log likelihood is shown in Fig. 2 . All representatives of the Galatheoidea formed a wellsupported monophyletic clade. Most importantly, Galatheidae appeared as sister of the Munididae lineage, with high support in both ML and Bayesian analyses. Munidopsidae emerged as the sister lineage of the clade constituted by Galatheidae and Munididae, the three families uniting the Galatheoidea with typical squat lobster morphology. This grouping also appeared highly supported for all analyses, supporting the placement of Porcellanidae as the sister lineage of the rest of Galatheoidea families. Bayes factors were computed in order to test the statistical support for previously established hypotheses. Both hypotheses grouping Galatheidae and Porcellanidae as sister groups (lnL = -30142.95 ± 2.66), and the Porcellanidae as the sister group of a clade formed by Munididae and Galatheidae (lnL = -30113.10 ± 3.11) showed much lower mean log-likelihood values than the topology including Porcellanidae as the earliest branching within Galatheoidea (lnL = -30077.76 ± 4.70). Accordingly, the Bayes factor provided very strong support (BF [ 10) for a monophyletic clade Munidopsidae/Munididae/Galatheidae when compared both against a topology grouping The most frequently used triplet for each amino acid is highlighted in bold Porcellanidae/Galatheidae (BF = 65.17) or Porcellanidae/Munididae/Galatheidae (BF = 35.32).
Gene order
Mitochondrial gene order (MGO) is typically considered to be highly conserved, with changes in position observed only for tRNAs in most cases. However, the mitogenomes of both G. aegyptiaca and M. polymorpha show MGOs not previously described in other Anomura (Fig. 3) . The mitogenome gene order of G. aegyptiaca is closest to that of Munida gregaria, which provides further support for the close relationship between both families. The simplest gene rearrangement scenario for the Galathea MGO implies a transposition of tRNA-Gly (G) and nad3, together with tRNA-Arg (R) and tRNA-Asn (N), in between the genes encoding for tRNA-Trp (W) and tRNA-Gln (Q). The unique shift of the tRNA-Gly, nad3, tRNAArg, and tRNA-Asn genes in G. aegyptiaca might be secondary because it differs from that found in munidids (M. gregaria) and porcellanids. Although the mitochondrial genome sequence of M. polymorpha is still incomplete, the closest MGO corresponded to that of S. crosnieri, as expected given the phylogenetic results. Both Munidopsidae taxa presented an identical gene-cluster spanning from Cox1 to Cox3. Nevertheless, M. polymorpha presents a unique configuration, where all protein-coding genes of the light strand are grouped in a single gene-cluster together with the ribosomal genes. Our results also show that several of those tRNA missing in Shinkaia are still present in Munidopsis, suggesting that the deletion of several genes must have occurred within the Munidopsidae (Fig. 3) .
Discussion
The first full mitogenome of a galatheid squat lobster (Galathea aegyptiaca) and the partial mitogenome of a second Munidopsidae (Munidopsis polymorpha) are reported here. This is the first study focusing on the relationships among Galatheoidea sensu Ahyong et al. (2010) and using mitogenomic data with representation of every family currently recognized. Members of Galatheidae have been poorly represented in previous molecular phylogenetic studies because most systematic research has been focused on elucidating higherlevel relationships (Ahyong et al., 2009; Schnabel et al., 2011; Bracken-Grissom et al., 2013) . The new phylogenetic and MGO results provide further evidence supporting the monophyly of Galatheoidea sensu Ahyong et al. (2010) and a monophyletic Galatheidae and Munididae clade. The support for a clade containing the Galatheidae and Porcellanidae found in previous studies relied on using ribosomal gene sequences (16S, 18S, and partial 28S rDNA) . However, there are no unambiguous morphological changes supporting the grouping of Galatheidae ? Porcellanidae, although both families share the presence of a broad rostrum (Ahyong et al., 2010) . The addition of markers in a later study resulted in Porcellanidae forming a monophyletic clade together with Munididae and Galatheidae (Bracken-Grissom et al., 2013) , but this might be due to taxon sampling because as many species of porcellanids were included as for the other galatheoids combined. The results obtained here are in agreement with those recently presented by Roterman et al. (2018) using both mitochondrial and nuclear markers. Although current consensus seems to acknowledge a close relationship between Galatheidae and Porcellanidae (Ahyong et al., 2009; Schnabel et al., 2011) , morphological characters have been insufficient to fully resolve internal relationships within Galatheoidea, even with the inclusion of adult morphology, sperm, and larval characters . The progressive 'carcinization' of porcellanids, which includes an overall change of carapace shape and reduction of the abdomen, has obscured the relationships with other anomurans. Porcellanidae constitutes in fact the sister lineage of a clade including all Galatheoidea with a squat lobster form (i.e., Munidopsidae, Munididae, and Galatheidae). The early splitting of Porcellanidae observed in the present study is in good agreement with morphological data. Characters that differentiate porcelain crabs from the squat lobsters include the shape of their third maxilliped, which is operculiform and without an epipod in Porcellanidae and pediform with epipod in Galatheidae, Munididae, and Munidopsidae. Also, the antennal peduncle has a different point of insertion in Porcellanidae than in other Galatheoidea, being laterally or posteriorly inserted instead of anterolaterally (Macpherson & Baba, 2011) . According to our results, Munidopsidae constitutes the earliest Galatheoidea lineage with a squat lobster form and can be differentiated from Galatheidae to Munididae by the lack of a flagellum on the exopod of the first maxilliped and the absence of striae on the dorsal surface of the carapace (Ahyong et al., 2010) . The partial mitogenome sequence of Munidopsis polymorpha confirms earlier suggestions that Munidopsidae mitochondria might have been subject to an increased number of gene rearrangements (Yang & Yang, 2008; Tan et al., 2018) . Protein-coding genes are usually present in both heavy and light chains of the mitochondrial genome, but they appear to be grouped in a single cluster in M. polymorpha. The abilities of deep-sea animals, like munidopsid squat lobsters, to tolerate extreme pressure and temperature conditions are due to pervasive adaptations at the biochemical level (Somero, 1992; Childress, 1995) . For example, mitogenomes of some Alvinocarididae shrimp present conserved sequence blocks with noncanonical open reading frames which may be involved in adjusting mitochondrial energy metabolism to adapt to the hydrothermal environment (Sun et al., 2018) . Recent transcriptomic data uncovered strong codon and amino acid usage biases in deep-sea polynoid worms, with preference for more positively charged amino acids (i.e., histidine and arginine) and less negatively charged amino acids (i.e., aspartic acid and glutamic acid) (Zhang et al., 2017b) . Analyzing more Galatheoidea taxa from shallow and deep waters, particularly within the Munidopsidae, could help to infer the sequence of gene rearrangements and elucidating whether they are associated with environmental factors. The genus Leiogalathea, transferred to Munidopsidae after recent molecular analyses (Ahyong et al., 2009; Schnabel et al., 2011) , is an ideal candidate for further studies, since it retains certain intermediate features between Munidopsidae and Galatheidae (Baba, 1969) .
Morphological stasis and extreme convergence are commonly found among squat lobsters, which results in species complexes and cryptic taxa (Machordom & Macpherson, 2004; Cabezas et al., 2012; Palero et al., 2017) , and renders morphological systematics particularly challenging. Munida and related genera were included within the Galatheidae for a long time (Baba et al., 2008) and Munididae was only recently established based on the trispinous or trifid frontal margin of the carapace and the ecological affinities shared by most genera, usually occurring at outer shelf or slope depths (Ahyong et al., 2010) . Members from both Galatheidae and Munididae families present eyes with a well-developed cornea, the antennal peduncle directed anteriorly or anterolaterally, a flagellum on the first maxilliped, and transverse striae or tubercles usually covering the carapace (Ahyong et al., 2010; Macpherson & Baba, 2011) . Moreover, recent molecular studies suggest that Munididae could be paraphyletic (Bracken-Grissom et al., 2013) and the morphological character employed to define the family might constitute an evolutionary convergence without phylogenetic value. A taxonomic revision including more taxa and molecular markers, in addition to further studies on gene order evolution, is desirable to test the reciprocal monophyly of Munididae and Galatheidae. The phylogenetic analyses carried out here show that protein-coding mitochondrial genes are informative at the supra-family level. The reduction in sequencing costs presents an excellent opportunity to obtain mitogenomic data and increase our understanding on the evolution of this group of squat lobsters.
